Abstract: Phase assemblages and temperatures of phase changes provide important information about the bulk properties of fluid inclusions, and are typically obtained by microthermometry. Inclusions are synthesized in natural quartz containing an aqueous fluid with a composition in the ternary systems of H 2 O-NaCl 2 -CaCl 2 , H 2 O-NaCl-MgCl 2 , and H 2 O-CaCl 2 -MgCl 2 . This study reveals that these fluid inclusions may behave highly unpredictably at low temperatures due to the formation of metastable phase assemblages. Eutectic temperatures cannot be detected in most of the fluid inclusions containing these ternary systems. Nucleation of a variety of solid ice and salt-hydrate phases in single fluid inclusions is often partly inhibited. Raman spectroscopy at low temperatures provides an important tool for interpreting and understanding microthermometric experiments, and visualizing stable and metastable phase assemblages. Final dissolution temperatures of ice, salt-hydrates, and salt must be treated with care, as they can only be interpreted by purely empirical or thermodynamic models at stable conditions. 
Introduction
Natural fluid inclusions do not contain a single component fluid system. Dissolved salts, especially chlorides, including NaCl, CaCl 2 , and MgCl 2 , that reluctantly integrate into crystal lattices of host minerals, such as quartz and calcite, are major components in natural aqueous fluid systems, e.g. [1, 2] . These solutes have a significant influence on fluid properties; therefore, the identification of dissolved salts is a major objective in fluid inclusion research. Ion-chromatographic and microthermometric analyses of aqueous fluid inclusions are commonly used to * E-mail: bakker@unileoben.ac.at identify the type and amount of electrolytes dissolved. Identification using microthermometry is based on final dissolution temperatures of precipitated phases, such as ice and salt hydrates, in addition to first dissolution temperatures, i.e. eutectic conditions, e.g. [3] . Experimental data in the binary H 2 O-NaCl, H 2 O-CaCl 2 , and H 2 O-MgCl 2 systems have been described in a variety of publications [4, 5] . Stable phase assemblages are predicted with thermodynamic models of activity coefficients, e.g. [6, 7] and purely empirical best-fit equations, e.g. [8] [9] [10] in a wide range of compositions, temperatures, and pressures. Nevertheless, fluid inclusions studies are often discussed in terms of ternary or multiple component systems, because they are more relevant for natural systems, e.g. [11] .
The behaviour and properties of a ternary H 2 O-NaClCaCl 2 system in fluid inclusions in microthermometric experiments was modelled with activity coefficients of dissolved ions in aqueous solutions that were obtained from osmotic coefficients [6, 7, 12] at relative low salinities. In addition, this ternary is modelled with purely empirical equations [13] [14] [15] that cover only part of the compositional variation. The H 2 O-NaCl-MgCl 2 system was only modelled for H 2 O-rich compositions [6, 10] at temperatures below 25
• C. Reliable purely-empirical modelling of the ternary system H 2 O-CaCl 2 -MgCl 2 is not possible due to the lack of experimental data [16, 17] . A thermodynamic model of activity coefficients [6] provides only limited information about this ternary system below 25
• C.
Many of the previous studies illustrate that multicomponent salt systems in fluid inclusions show various complex phase assemblages at low temperatures consisting of liquid, ice, and salt-hydrates independent of their composition [18] [19] [20] [21] . Not all systems achieve stable phase assemblages upon cooling, more often metastable coexistence of phases is assumed based on observations of unexpected phase transition temperatures. The nature of a phase assemblage in fluid inclusions is difficult to identify by optical means; assemblages may represent both stable and metastable conditions. Furthermore, the presence of a specific phase, whether stable or metastable, can often not be determined by optical microscope observations [9, 22] . In this study, phases (liquid, ice, and salt hydrates) in fluid inclusions are identified by a combination of microthermometry and Raman spectroscopy according to the method described by Bakker [22] . In addition, phase changes are accurately characterized by changes in Raman spectra at low temperatures, see also [9, 22, 23] . Fluid inclusions with varying compositions are synthesized in natural quartz in the ternary systems H 2 O-NaCl-CaCl 2 , H 2 O-NaCl-MgCl 2 , and H 2 O-CaCl 2 -MgCl 2 , to study the formation of stable and metastable phase assemblages during microthermometric experiments.
Methods
Fluid inclusions were synthesized in natural quartz using a crack healing process [24] at about 600 • C at pressures ranging from 123 and 269 MPa, depending on the salinity and composition of the fluid (Table 1) . The experimental conditions are selected in the fluid one-phase field, in order to synthesize a homogeneous assemblage of fluid inclusions.
Microthermometry was performed with a LINKAM MDS 600 heating-freezing stage attached to an optical microscope. The sample chamber was cooled to -190
• C using liquid nitrogen. The stage was calibrated with synthetic fluid inclusions of CO 2 (melting at -56.6
• C) and H 2 O (melting at 0.0 • C and critical homogenisation at 374.0
• C). The analytical precision of the measurements is about 0.2
• C. All observations were made with an Olympus 100x long-working-distance objective (LMPlanFI, 0.80 numerical aperture).
Raman spectroscopy was used to identify the nature of phases, which were subjectively optically characterized. Furthermore, the temperature of phase transitions (i.e. eutectic and melting points) was determined by changes in Raman spectra in a microthermometric heating experiment [9, 22] . A LINKAM THMSG 600 stage was combined with the Raman spectrometer to perform heating and freezing experiments. Identification of fluid and solid species was performed with a LABRAM (ISA Jobin Yvon) instrument using a frequency-doubled 120 mW Nd-YAG laser with an excitation wavelength of 532.2 nm. Raman spectroscopy was primarily applied to species yielding wavenumbers ranging from 2800 to 4000 cm −1 , where the variety of salt hydrates, ice, and aqueous liquid solutions can be characterized by specific spectra. The phases in this study were identified with standard Raman spectra as illustrated in Bakker [22] , including water, brine, ice, hydrohalite, MgCl 2 hydrates, and metastable phases, such as super-cooled water and a glassy brine, and, and in Baumgartner and Bakker [25] , including ice, hydrohalite, CaCl 2 hydrates, and MgCl 2 hydrates.
Ternary aqueous systems with two types of salt

H 2 O-NaCl-CaCl 2 system
The H 2 O-NaCl-CaCl 2 fluid system was modelled with purely empirical best-fit equations [13] [14] [15] and with activity coefficients [6, 7] . Isotherms below room temperature in the ternary composition diagram of this system that can be constructed with these models are divided into several fields: (1) ice; (2). hydrohalite; (3) halite; and (4) antarcticite (Figure 1 ). The solid phase indicated in the fieldname is the last phase that dissolved in the aqueous liquid solution upon heating a fluid inclusion. Metastable dissolution processes are not illustrated in Figure 1 . These can only be modelled by extrapolation of the individual fields into adjacent fields. The purely empirical best-fits are partly not suitable for these extrapolations, e.g. [13, 15] , whereas others display reasonable extensions into metastability, e.g. [14] .
Two syntheses were performed in the ternary system of NaCl-CaCl 2 -H 2 O: Exp 006 with an initial fluid compo- sition of 12 mass % NaCl and 12 mass % CaCl 2 and Exp 024 with an initial composition of 10 mass % NaCl and 20 mass % CaCl 2 (see Table 1 and Figure 1 (Figure 2 ) with antarcticite completely dissolveing in both experiments. During further heating, the composition of the aqueous liquid solution follows the cotectic line, as long as both ice and hydrohalite are present. Inclusions from Exp 006 display a final dissolution of hydrohalite at -25.4
• C with a brine of 12.4 mass % NaCl and an equal amounts of CaCl 2 (Figure 2A ), calculated with purely empirical equations [15] . The remaining ice crystal will eventually dissolve at -24.3
• C, defining the final composition of the brine. Inclusions from Exp 024 show final ice dissolution at -32.9
• C at cotectic conditions in the presence of a 5.4 mass % NaCl and 21.8 mass % CaCl 2 brine ( Figure 2B ). At about -10.3
• C, the remaining hydrohalite crystal begins to transform to halite by releasing H 2 O. This transformation is completed at the peritectic line at -10.0
• C. The final dissolution of halite took place at about +60
• C, marking the final composition of the brine.
H 2 O-NaCl-MgCl 2 system
The part of the H 2 O-NaCl-MgCl 2 system with relatively low salinities can be modelled with purely empirical equations [10] and activity coefficients [6, 7] :, the ice field, hydrohalite field and MgCl 2 ·12H 2 O field ( Figure 3 ). The halite field is only characterized by a limited amount of experimental data. This ternary system has a eutectic temperature of about -35
Two compositions were selected to synthesize fluid inclusions: (1) 10 mass % NaCl and 13 mass % MgCl 2 (Exp 033 and 038) and (2) 2 mass % NaCl and 24 mass % MgCl 2 (Exp 035), close to the composition of the ternary peritectic point at -22.1
• C (Table 1 and Figure 3 ). Cooling inclusions well below the eutectic temperature should initiate the precipitation of ice, hydrohalite, and MgCl 2 ·12H 2 O. The first brine that appears on heating these fluid inclusions has an approximate composition of 4.7 to 5 mass % NaCl and 18 to 18.2 mass % MgCl 2 (eutectic brine). Consequently, this brine is depleted in NaCl for Exp 033 and Exp 038, whereas it is diluted in both NaCl and MgCl 2 in Exp 035 ( Figure 4A and 4B). The MgCl 2 ·12H 2 O phase is completely dissolved in Exp 033 and 038 at eutectic conditions ( Figure 4A ), whereas the hydrohalite crystals dissolve completely in Exp 035 ( Figure 4B ). During further heating, the composition of the brine in Exp 033 and 038 moves along the ice-hydrohalite cotectic line, until ice is completely dissolved at about -29.3
• C ( Figure 4A ), where the brine has a composition of 8.2 mass % NaCl and 14.1 mass % MgCl 2 . Isotherms in the hydrohalite field can only be estimated with thermodynamical modelling [6] , and are used to calculate the final dissolution temperature of hydrohalite at about -22
• C. The composition of the brine in fluid inclusions from Exp 035 moves along the ice-MgCl 2 ·12H 2 O cotectic line upon further heating (Figure 4B) . The ice will be completely dissolved at -34.8
• C, corresponding to a brine composition of 3.7 mass % NaCl and 18.7 mass % MgCl 2 . The remaining MgCl 2 ·12H 2 O finally dissolves at about -21
H 2 O-CaCl 2 -MgCl 2 system
Purely empirical equations are not available for the ternary H 2 O-CaCl 2 -MgCl 2 system. Isotherms in the ternary compositional phase diagram can only be constructed by interpolating scarce experimental data [4, 5, 16, 17] and modelling activity coefficients [6, 7] (Table 1 and Figure 5 ). The ternary eutectic temperature of this system is -55
• C [17] with a brine composition of 26 mass % CaCl 2 and 5 mass % MgCl 2 . Equilibrium thermodynamics calculated with activity coefficient models [6] results in eutectic conditions of -52.2
• C, and a brine of 27 mass % CaCl 2 and 3.5 mass % MgCl 2 . Fluid inclusions from both experiments contain ice, antarcticite, and MgCl 2 ·12H 2 O below the eutectic temperature. At this temperature antarcticite completely dissolves and the first brine appears in the system ( Figure 6A and B) . Upon further heating, the composition of the aqueous solution moves along the ice-MgCl 2 ·12H 2 O cotectic line. The salinities at this cotectic line can be modelled according to purely empirical equations between -55 and -33.6
• C (Eq. 1)
where w is the mass % of either CaCl 2 (Eq. 1a) or MgCl 2 (Eq. 1b), T is temperature in • C, and T is the eutectic temperature of this ternary system (-55
• C). MgCl 2 ·12H 2 O dissolves at -41.4
• C according to Equation 1 in Exp 050 ( Figure 6A ). The final ice melting temperature is calculated at -17.5
• C [6] . In Exp 051, ice is the first phase to dissolve completely at the cotectic line at -53.2
• C (Eq. 1), resulting in a final dissolution temperature of MgCl 2 ·12H 2 O of about -42
• C ( Figure 6B ). This temperature is only an estimate based on linear interpolation of experimental data [4, 5] .
Observations in fluid inclusions
H 2 O-NaCl-CaCl 2 fluid inclusions
Experiment 006
The fluid system in inclusions from Exp 006 may react to form two different phase assemblages during cooling, both are metastable. In addition to a vapour phase, the phase assemblage at -100
• C may consist of: (1) ice, hydrohalite, and a brine ( Figure 7A ); (2) ice and a brine ( Figure 7B ). Note that the initial freezing of both types of inclusions are optically similar (compare images at -70
• C in Figure 7A and B) and in-situ Raman spectroscopic analyses of the phase assemblages are necessary to identify the phases. The phases in these assemblages coexist at lower temperatures, down to -190
• C, the approximate lower limit of the freezing stage. The nucleation of ice or a mixture of ice and hydrohalite cannot be stimulated by heating and cooling cycles, and it occurs randomly, occasionally in the same fluid inclusion, in repeated microthermometric experiments. Antarcticite, or any other hydrate of CaCl 2 , was not observed in fluid inclusions at low temperatures.
The brine in inclusions that nucleate ice and hydrohalite exists at the metastable extension of the cotectic line at temperatures below the eutectic point ( Figure 7A ). First dissolution processes, the first appearance of a liquid phase, cannot be observed in these inclusions because a supersaturated brine remains present in the phase assemblage down to -190
• C. Upon heating, the inclusions indicate a final ice dissolution temperature of -27.6 ± 0.4
• C at the stable part of this cotectic line, with a brine composition of 9.1 mass % NaCl and 16.2 mass % CaCl 2 [14] . The compositional trajectory of the brine during further heating crosses the hydrohalite-halite peritectic line at about -10
• C and moves into the halite-field during further dissolution of hydrohalite ( Figure 7A ). The inhibition of recrystallization of hydrohalite to halite enlarges the hydrohalite field. Final dissolution of hydrohalite occurs in a temperature range of -4.6 to -0.1
• C, representing a metastable process. The range of temperatures may indicate that irregular spontaneous nucleation plays an important role at metastable conditions. Salinities in this metastable hydrohalite field can only be calculated with purely empirical equations from Naden [14] , yielding values of about 14.0 ± 0.2 mass % NaCl and 14.0 ± 0.2 mass % CaCl 2 . This composition is significantly different from the initial experimental composition (see Table 1 ) due to experimental difficulties (see paragraph 5: Discussion).
Inclusions that nucleate only ice upon cooling reveal a final ice melting temperature of -34.2 ± 1.1
• C ( Figure 7B ). According to the thermodynamic stability of phase assemblages, an aqueous solution with a NaCl/CaCl 2 mass ratio of 1/1 (c.f. initial composition in Table 1 ) should have a minimum ice dissolution temperature of -26.9
• C at the ice-hydrohalite cotectic line (Figure 8 ). The metastable absence of hydrohalite enlarges the ice field in a ternary phase diagram to lower temperatures and lower H 2 O concentrations. The purely empirical equation of the ice field according to Naden [14] can be extrapolated to lower tem- peratures for the metastable dissolution conditions of ice, resulting in a calculated salinity of 14.7 ± 0.3 mass % NaCl and 14.7 ± 0.3 mass % CaCl 2 . This salinity is consistent with the previously obtained salinity from metastable dissolution temperatures of hydrohalite.
Experiment 024
A variety of cooling and heating sequences may result in three different metastable phase assemblage at low temperatures in fluid inclusions from Exp 024: (1) unfreezable brine; (2) hydrohalite and a brine ( Figure 9A) ; (3) hydro- • C and -26.9
• C, respectively. The metastable extensions of purely empirical equations are illustrated with dashed lines. mcot is the metastable cotectic point of halite and ice.
halite, ice, a brine ( Figure 9B ), and a vapour phase. The absence of antarcticite at low temperatures illustrates the metastability in all fluid inclusions.
Nucleation of solid phases in the aqueous fluid inclusions can be completely inhibited, resulting in the presence of a super-cooled brine at -190
• C. Consequently, these unfreezable inclusions cannot be used to estimate salinities.
Fluid inclusions that nucleate only hydrohalite in cooling experiments recrystallize hydrohalite into halite during heating at temperatures between -12 to +6
• C ( Figure 9A ). The range and the absolute values of this temperature illustrate that hydrohalite is metastably present within the halite field and not at the hydrohalite-halite peritectic line. The phase transition of hydrohalite to halite is irreversible, subsequently, cooling only results in a slight growth of the halite crystal. These fluid inclusions dissolve halite at 140 to 170
• C with a salinity of 12.5 ± 0.5 mass % NaCl and 25 ± 1 mass % CaCl 2 [14] and at a NaCl/CaCl 2 mass ratio of 1/2 according to the initial experimental composition (c.f. Table 1 ). The salinity is significantly higher than indicated in Table 1 , which suggests experimental difficulties (see paragraph 5 Discus- sion). Halite does not precipitate in the inclusions upon cooling after its final dissolution, and fluid inclusions reveal a metastable phase assemblage (supersaturated brine and vapour) at room temperatures. Fluid inclusions in this sample may also nucleate hydrohalite and ice at lower temperatures, in the presence of a brine and vapour ( Figure 9B ). Brine forms at the metastable extension of the ice-hydrohalite cotectic line, down to -190
• C. The brine composition in the inclusion shifts into stable conditions along the cotectic line when heated to temperatures above -52
• C (i.e. the eutectic temperature) without changing the phase assemblage. The final ice dissolution temperature is -42.2 ± 0.3
• C in the presence of a brine consisting of 2.7 mass % NaCl and 26.9 mass % CaCl 2 . Subsequently, the brine composition shifts away from the cotectic line in the direction of hydrohalite as it continues to dissolve. Hydrohalite transforms to halite at temperatures ranging from +10 to +30
• C, where hydrohalite is metastable and not at the peritectic line. According to equilibrium thermodynamics, hydrohalite should transform at peritectic conditions between -15.4 and -13.4
• C in these inclusions. Halite dissolves at 160 to 180
• C, similar to the temperature range measured in inclusions that nucleate only hydrohalite. The calculated final salinity at these temperatures is 12 ± 1 mass % NaCl and 23 ± 1 mass % CaCl 2 [15] , consistent with the initial experimental NaCl/CaCl 2 mass ratio of 1/2. Although a variety of metastable phase assemblages occur during a heating experiment, both the dissolution temperatures of ice and halite represent stable transformation conditions and can be used to calculate the salinity in the ternary H 2 O-NaCl-CaCl 2 system. However, the presence of CaCl 2 in these fluid inclusions cannot be directly proven. This is due to the fact that the eutectic temperature of the fluid system cannot be observed due to metastabilities, and Raman spectroscopy does not illustrate the presence of any CaCl 2 hydrate at low temperatures.
Cooling of the stable phase assemblage consisting of halite, brine, and vapour from room temperatures results in the nucleation of ice around -100
• C with the other three phases remaining present. The composition of the brine is at the halite-ice cotectic line, where it is metastable at all conditions ( Figure 9C ) and occurs at temperatures lower than the stable ice-hydrohalite cotectic line. The salinity of this metastable cotectic line can be obtained from the intersection of the extrapolated halite and ice field [14] (see also Figure 8 ). The inclusions reveal final ice dissolution temperatures at -40.6 ± 0.5
• C, higher temperatures than in the presence of hydrohalite. Subsequently, final dissolution temperatures of halite are equal to the previously mentioned values. Although these fluid inclusions also reveal ice and halite dissolution temperatures, the ice dissolution temperature occurs at metastable conditions, i.e. in the absence of hydrohalite, in contrast to the previously described example. The value of mass % NaCl will be overestimated, whereas the mass % CaCl 2 is underestimated if the salinity is calculated according to the example illustrated in Figure 9B. 
H2O-NaCl-MgCl 2 fluid inclusions
Experiment 033
Fluid inclusions synthesized in Exp 033 may contain a phase assemblage of hydrohalite, ice, brine, and vapour at temperatures below the eutectic point (-35 • C) in the ternary H 2 O-NaCl-MgCl 2 system. The metastability is implied by the absence of an MgCl 2 hydrate phase and the presence of a brine at -190
• C ( Figure 10A ). The coexistence of ice and hydrohalite defines the composition of the brine at the metastable extension of the cotectic line. Upon heating, the hydrohalite completely dissolves at -25.4 ± 0.4
• C at the cotectic line. The composition of the brine at this stable cotectic can be obtained from thermodynamic modelling of the activity coefficients [6] : 12.8 ± 0.7 mass % NaCl and 9.1 ± 0.4 mass % MgCl 2 . Dissolution of the remaining ice at -20.5 ± 0.1
• C defines the salinity of these inclusions at 11.6 ± 0.7 mass % NaCl and 8.2 ± 0.4 mass % MgCl 2 ( Figure 10A ). Both dissolution temperatures occur in stable phase assemblages and can be used to estimate bulk salinities in a ternary system. However, there is no direct evidence of the presence of MgCl 2 , whereas the presence of NaCl is proven by the formation of hydrohalite at low temperatures. Furthermore, the eutectic temperature of this fluid cannot be determined due to the absence of MgCl 2 hydrates at lower temperatures.
Experiment 038
A variety of metastable phase assemblages are obtained in fluid inclusions that are synthesized in Exp 038 (Figure 10B) . Freezing experiments may result in the nucleation of only ice in the presence of a brine and vapour. In a second freezing experiment with the same inclusion, ice and hydrohalite may nucleate, which cannot be distinguished optically from the first nucleation process. The absence of MgCl 2 hydrates at -190
• C illustrates the metastability of these fluid inclusions. The composition of the brine is defined at the metastable extension of the icehydrohalite cotectic line below -35
• C ( Figure 10B , path 1). At -39.0 ± 0.4
• C, the ice is completely dissolved at metastable conditions. The remaining hydrohalite dissolves at -33.2 ± 0.8
• C, also at metastable conditions. The salinity of these inclusions can only be roughly estimated, because equations of state are not available for metastable conditions, yielding an approximate composition of 3.5 mass % NaCl and 21 mass % MgCl 2 . The dissolution behaviour of metastable phases is consistent with observations of inclusions that only nucleate ice (Figure 10B, path 2) . These inclusions reveal complete dissolution temperatures of ice of -39.9 ± 0.4
• C, lower than B) illustrate fluid inclusions that nucleate ice + hydrohalite and only ice, respectively, at low temperatures. "mcot. i+hh" is the metastable extension of the ice-hydrohalite cotectic line; "iso Tm(hh) -33
• C" is the isotherm of hydrohalite dissolution at stable conditions (within the hydrohalite field); "miso Tm(ice) -40
• C" is the isotherm of ice dissolution at metastable conditions (within the hydrohalite and MgCl 2 ·12H 2 O field). See text and Figure 7 for further details.
in fluid inclusions that also nucleate hydrohalite because the remaining brine is slightly depleted in H 2 O.
Experiment 035
Fluid inclusions synthesized in Exp 035 may reveal a stable phase assemblage of ice, hydrohalite, MgCl 2 ·12H 2 O, and vapour at temperatures below the eutectic point of the ternary H 2 O-NaCl-MgCl 2 ( Figure 11A ). It must be noted that this is the only example of nucleation of stable phase assemblages in fluid inclusions upon cooling to -190
• C; both hydrohalite and MgCl 2 ·12H 2 O are detected with Raman spectroscopy. Upon heating, these inclusions reveal final dissolution temperatures of both hydrohalite and MgCl 2 ·12H2O at -35.6 ± 0.3
• C, close to the reported eutectic temperature of -35.2
• C [6] . This temperature corresponds to the first appearance of a brine in the system. The remaining ice dissolves completely in the brine at -26.0
• C, and indicates a salinity of 4.3 mass % NaCl and 15.8 mass % MgCl 2 [6] (Figure 11B, path 1) . Within the same fluid inclusion, the nucleation of all salt-hydrate phases may be inhibited, with only ice crystal metastably present in a brine at low temperatures ( Figure 11B , path 2). Optically, these two nucleation processes cannot be distinguished, and Raman spectroscopy is the only method to identify these phases.
H 2 O-CaCl 2 -MgCl 2 fluid inclusions
Experiment 050
The hydrates of CaCl 2 (antarcticite) and MgCl 2 (MgCl 2 ·12H 2 O) do not nucleate simultaneous in freezing experiments with fluid inclusions from Exp 050 in the ternary H 2 O-CaCl 2 -MgCl 2 system. Three types of metastable phase assemblages can be generated within these inclusions at temperatures below -55
• C (i.e. the eutectic point): (1) ice and brine; (2) ice, MgCl 2 ·12H 2 O, and brine; and (3) ice, antarcticite, and brine in the presence of a vapour phase (Figure 12 ). The nucleation of only ice occurs at about -75
• C and is observable as a greyish-brownish coloured microcrystalline mixture. Final dissolution of ice is the only measurable parameter from these inclusions and occurs in the stability field of ice at -22.7 ± 0.3
• C. At temperatures below the eutectic point, the brine in fluid inclusions that nucleates ice and MgCl 2 ·12H 2 O has appeared at the metastable extension of the cotectic line ( Figure 12A ), and is highly enriched in CaCl 2 . Upon heating, the composition of the brine shifts along the metastable extension of the cotectic line during dissolution of ice and MgCl 2 ·12H 2 O. Above the eutectic temperature of this system (-55
• C), MgCl 2 ·12H 2 O dissolves completely at -35 to -40
• C under stable conditions, and the remaining ice dissolves at about -22
• C. The last two dissolution temperatures can be used to calculate the salinity of these inclusions yielding values of 11 ± 1 mass % CaCl 2 and 12 ± 1 mass % MgCl 2 using the activity coefficient model [6] and Eq. 1. There is no direct evidence for the presence of CaCl 2 . The same fluid inclusions may reveal the nucleation of ice and antarcticite. The coexisting metastable brine at about -190
• C is highly enriched in MgCl 2 ( Figure 12B ). The final dissolution temperature of antarcticite occurs at metastable conditions, whereas the final ice dissolution temperature take place in the stability field of ice at about -23
• C. Although antarcticite was detected by Raman spectroscopy, there were no means to observe its final dissolution by optical methods.
Experiment 051
Fluid inclusions synthesized in Exp 051 do not reveal any nucleation processes in cooling experiments. The unfreezable brine is highly metastable at temperatures down to -190
Discussion
Natural fluid inclusions
Without any knowledge of the ionic composition of aqueous solutions in natural fluid inclusions, dissolution temperatures of ice, salt-hydrates, and salt were used to provide indirect information about the composition of this brine. This study has shows that only ice dissolution temperatures can be interpreted in both binary and ternary H 2 O-salt systems (H 2 O-NaCl-CaCl 2 , H 2 O-NaCl-MgCl 2 , and H 2 O-CaCl 2 -MgCl 2 ). The nucleation of salt-hydrates can be completely inhibited in these ternary systems, resulting in fluid inclusions that contain a metastable phase assemblage of ice and brine at temperatures below eutectic conditions. This assemblage cannot be distinguished from binary systems, which may also lack the presence of salt-hydrates at low temperatures [22] . The ice dissolution temperature can be interpreted in a binary H 2 O-salt system, which is often used to illustrate an equivalent amount of mass salt at this temperature. In general, the equivalent mass NaCl is calculated; however, other types of salt, such as CaCl 2 , must be used at dissolution temperatures below the eutectic temperature of the H 2 O-NaCl system. For example, the observed ice dissolution temperature of -34.2 ± 1.1
• C in Exp 006 corresponds to 26.2 ± 0.4 eq mass % CaCl 2 . This calculated equivalent mass of salt may be a highly underestimated salinity in ternary H 2 O-salt systems. Fluid inclusions that reveal dissolution of two phases, e.g. ice and salt-hydrates, can only be interpreted in ternary H 2 O-salt systems. Ice and hydrohalite are often nucleated at low temperatures in fluid inclusions that also contain a second type of salt, such as CaCl 2 and MgCl 2 . Nucleation of hydrates of these salts is usually inhibited in NaClbearing brines, whereas the brine remains present down to -190
• C. Nucleation of hydrates of MgCl 2 and CaCl 2 mainly occurs in brines that are extremely poor in NaCl content.
Identification of salt-hydrates with Raman spectroscopy at low temperatures directly provides the primary types of salts that are present in fluid inclusions. The absence of salt-hydrates in cooled saline aqueous fluid inclusions represents a metastable fluid state and prevents the Raman detection of any salt-hydrates. However, the same inclusions may react differently to multiple cooling and heating cycles in microthermometry and may, occasionally, nucleate salt-hydrates. Within a homogeneous assemblage of fluid inclusions, equal salinities can be obtained from a completely different behaviour in microthermometric experiments. For example, final dissolution of ice in inclusions at -34
• C corresponds to the same salinity as inclusions that reveal a final dissolution of hydrohalite at 0.0
• C in the H 2 O-NaCl-CaCl 2 system (see Figure 7A and B) . Both dissolution processes occur within metastable phase assemblages.
Experimental difficulties
Salinities obtained from dissolution temperatures of ice, salt hydrates, and salt from synthetic fluid inclusions at stable and metastable conditions partially correspond to the intended experimental conditions (Table 1) . Fluid inclusions from experiments in the H 2 O-NaCl-CaCl 2 system reveal higher salinities, but similar NaCl/CaCl 2 mass ratios. The loss of H 2 O can be concluded from these observations, as evaporation may have occurred during welding of the Au-capsules that are used in the experimental synthesis. A second argument for apparent higher salinities, as obtained from dissolution temperatures, is illustrated by Bakker [26] . Final dissolution in fluid inclusions occurs on the SLV curve (coexistence of solid, liquid, and vapour) and cannot be directly used to estimate bulk salinities. The properties of the vapour phase (density and volume fraction) cannot be neglected, and bulk properties of fluid inclusions can only be obtained from a combination of final dissolution temperature, total homogenization temperature, and/or volume fraction of the vapour phase. Salinities obtained from only the final dissolution temperatures are always overestimated values [26] .
Fluid inclusions from experiments in the H 2 O-NaClMgCl 2 system reveal lower salinities than the initial experimental conditions (Table 1 ). The measured compositions are depleted in MgCl 2 , enriched in H 2 O, and contain approximately the same amount of NaCl as was initially present. MgCl 2 has strong hygroscopic properties, and it attracts water vapour when exposed to air. The weighing procedure for loading the Au-capsules with specific amounts of salt may have resulted in an overestimated mass of MgCl 2 , which is composed of MgCl 2 and adsorbed H 2 O. Consequently, the fluid composition in the capsule is enriched in H 2 O and depleted in MgCl 2 . The minor differences in experiments within the H 2 O-CaCl 2 -MgCl 2 system are caused by similar weighing errors.
Inconsistent models
The quality of purely empirical and thermodynamic modelling of ternary H 2 O-salt systems is difficult to assess due to the lack of experimental data. The variety of models may result in inconsistent salinity estimations, for example in the H 2 O-NaCl-MgCl 2 system, c.f. [6] and [10] . Significant differences also exist between purely empirical models of the same system, for example the H 2 O-NaClCaCl 2 system, c.f. [14] and [15] , Figure 8 . Knowledge of these ternary systems can be extended with experimental studies of synthetic fluid inclusion, if metastabilities are well documented and understood.
Conclusions
Unpredictable phase change behaviour of fluids at low temperatures makes careful observations of fluid inclusions necessary to use microthermometric data as a credible indicator of salinity. Synthesis of fluid inclusions of well known compositions and trapping conditions (temperature and pressure) allow experimental studies of fluid behaviour to act as the basis for the interpretation of natural systems. Eutectic temperatures are normally used to define the salt system in natural aqueous fluid inclusions. The assumption for this application is the presence of stable phase assemblages and reliable data for phase relationships. As the present study reveals, salt-hydrate nucleation may completely be inhibited in ternary watersalt inclusions, or only one salt-hydrate may precipitate in the absence or presence of ice during cooling. Stable phase assemblages below eutectic temperatures, which are more common in binary water-salt systems, are not observed among inclusions synthesised in ternary watersalt systems. Consequently, eutectic temperatures cannot be detected in these inclusions. Nevertheless, most ice and salt-hydrate final dissolution occurs in a stable state (phase assemblage); therefore, these temperatures are still reliable indicators of the salinity of those in-clusions and can be used for salinity estimations. Raman spectroscopy at low temperatures must be applied to identify the major types of salt present in the system, as detected from the nucleation of specific Ramanactive salt-hydrates. Furthermore, Raman spectroscopy can be used to obtained accurate dissolution temperatures through changing phase assemblages in a heating experiment that are otherwise difficult to detect by optical means.
